Abstract The aim of this study was to evaluate whether sampling of cerebrospinal fluid (CSF) via the cisterna magna and of blood via the heart affects brain water content in a rat subarachnoid hemorrhage (SAH) model. Twentynine animals were divided into four groups: sham-operated group with sampling of CSF and blood (Sham S+), shamoperated group without sampling of CSF and blood (Sham S−), SAH group with sampling of CSF and blood (SAH S+), and SAH without sampling of CSF and blood (SAH S−). SAH was induced via endovascular perforation of the left internal carotid artery bifurcation. Cerebrospinal fluid via the cisterna magna and blood via cardiac puncture was collected in the Sham S+ and SAH S+ groups before killing the animals for brain water content measurements. Left hemisphere brain water content was significantly higher in the SAH S− group compared with the Sham S− group (p< 0.05) and in Sham S+ group compared with the Sham S− group (p<0.05). There was no significant difference in brain water content of the left hemisphere between the SAH S+ and Sham S+ groups (p=NS). There was no significant difference in brain water content in other parts of brains. Sampling of CSF and blood affected brain water content in Sham animals and therefore it is not accurate to use these values from Sham animals for comparison with SAH animals.
Introduction
Subarachnoid hemorrhage (SAH) is a devastating event with an incidence of seven per 100,000 each year [1, 2] . Nearly 50% of patients die within 1 month and approximately 60% of surviving patients have a relevant neurological deficit [1, 2] . SAH research often involves brain edema monitoring as well as cerebrospinal fluid (CSF) and blood collection [3] [4] [5] . In experimental animal SAH models, brain water content and CSF/blood sampling are often conducted in the same animal to reduce cost [6] [7] [8] . Similarly, brain water content and CSF/blood sampling are conducted in the same animal in experimental intracerebral hemorrhage [9] and brain ischemia [10] animal models.
However, we are not aware of evidence suggesting whether sampling of CSF and blood affects brain water content in these animal models. The aim of this study was to evaluate whether sampling of CSF via the cisterna magna and blood via the heart affects the brain water content in a rat SAH model. Laboratories (Indianapolis, Indiana). In total, 29 animals were operated in this study, 12 in Sham groups, 17 in SAH groups from which five animals died due to massive subarachnoid hemorrhage. The animals were divided into the following groups: sham-operated group with sampling of CSF and blood (Sham S+, n=6), sham-operated group without sampling of CSF and blood (Sham S−, n= 6), SAH group with sampling of CSF and blood (SAH S+, n=6), and SAH without sampling of CSF and blood (SAH S−, n=6).
Body weight was measured before surgery and before killing. SAH was induced via endovascular perforation of the left internal carotid artery bifurcation. Sham-operated animals underwent the introduction of the suture into internal carotid artery, but no perforation was performed. Neurological score was evaluated at 23 h after surgery. CSF via cisterna magna and blood via heart was collected in the Sham S+ and SAH S+ groups immediately before killing. Animals were killed 24 h after surgery, brains were collected, quickly photographed for SAH grading evaluation, and then the brains were processed for brain water content evaluation.
Surgery
The endovascular perforation model of SAH in rats was used for this study as previously described [11] . Briefly, rats were anesthetized with 3% isoflurane in 60/40% medical air/oxygen. The animals were intubated and kept on artificial ventilation with 3% isoflurane in 60/40% medical air/oxygen during surgery. Body temperature was monitored by rectal probe and normothermia was maintained by heating lamp during surgery. Left common carotid artery, external carotid artery, and internal carotid artery were isolated. The external carotid artery was ligated, coagulated, cut, and shaped into a 3-mm stump. A sharpened 4-0 monofilament nylon suture was introduced into the internal carotid artery from the external carotid artery stump until resistance was felt (approximately 18 mm from the common carotid bifurcation). The suture was then pushed further to perforate the bifurcation of the anterior and middle cerebral arteries until resistance was overcome. Sham-operated animals underwent the identical procedures, but the suture was not inserted over skull base. The incision was closed, and rats were individually housed in heated cages until recovery from anesthesia.
Neurological Evaluation
Neurological scores were evaluated 23 h after surgery in a blinded fashion with a modification of the scoring system described by Garcia [12] . An 18-point scoring system was used to evaluate the neurological deficits. In S+ groups, neurological testing was performed before collecting samples.
CSF and Blood Collection
In S+ groups, CSF was collected during terminal anesthesia and blood was collected immediately after completion of terminal anesthesia just before decapitation. CSF was collected as previously described [13] . The animals were terminally anesthetized with 5% isoflurane in 60/40% medical air/oxygen by face mask. The 27 G needle attached on tuberculin syringe was inserted into the cisterna magna trough the occipital membrane and 50 μl of CSF was collected. The syringe was guided through a holder to prevent damage of the brain. Terminal anesthesia was maintained for 5 min while CSF collection procedure was performed. Directly after CSF collection 3 ml of blood was sampled by cardiac puncture as previously described [14] . Animals were decapitated immediately after blood collection and the brains were collected. Only Sham S+ and SAH S+ animals were subjected to CSF and blood collection. Sham S− and SAH S− animals were anesthetized by 5% isoflurane for the same duration and then decapitated.
SAH Grade
After decapitation, brains were photographed and SAH grade was evaluated according to blood clot occurrence (maximum of 18 points) as previously described [15] .
Brain Water Content Evaluation
Brain water content was evaluated as previously described [16] . Brains were removed 24 h after surgery and separated into four parts (left hemisphere, right hemisphere, cerebellum, and brain stem). Each part was weighed immediately after removal (wet weight) and after drying in 100°C for 72 h (dry weight). The percentage of water content was calculated as [(wet weight−dry weight)/wet weight]× 100%.
Statistical Analysis
Data are expressed as a mean and standard error of mean. Brain water content data were analyzed using one-way analysis of variance (ANOVA) followed by Tukey's test. Mortality data was analyzed by Fischer exact test. Body weight data were analyzed using two-way ANOVA followed by Bonferroni test. SAH grading data were evaluated by two-tail t test. A p value of <0.05 was considered statistically significant. All statistical analyses were performed using GraphPad Prism version 5.02 for Windows.
Results

Mortality
The mortality rate in the SAH groups was as follows: 25% (two of eight animals) in the SAH (S+) group and 33% (three of nine animals) in the SAH (S−) group. There was no statistical difference in mortality between SAH groups (Fischer's exact test, p=NS). None of the Sham animals died.
Body Weight Before Surgery and Before Killing
There was no significant difference in body weight between groups before surgery (p=NS), or 24 h after surgery (p=NS). Body weight was significantly decreased in all groups 24 h after surgery compared with body weight before surgery (p< 0.05). Body weight loss after surgery was between 7% and 10% of body weight before surgery (Fig. 1a , Table 1 ).
Neurological Score
Neurological score was significantly lower in the SAH groups compared with the Sham groups (p<0.05). There was no significant difference between the SAH+ group and SAH S− group (p=NS). There was no significant difference between the Sham S+ group and Sham S− group (p=NS) (Fig. 1b, Table 1 ).
SAH Grade
There was no significant difference in SAH grade between the SAH S+ and SAH S− groups (p=NS) (Fig. 1c, Table 1 ).
Brain Water Content
Brain water content of the left hemisphere was significantly higher in the SAH S− group compared with Sham S− group (p<0.05). There was no significant difference in brain water content of the left hemisphere between the SAH S+ and Sham S+ groups (p = NS). Brain water content was significantly higher in the Sham S+ group compared with Sham S− group (p<0.05) (Fig. 2, Table 1 ).
There was no significant difference between groups either in the right hemisphere, cerebellum nor brain stem (p=NS for all). The right hemisphere showed a similar tendency compared with the left hemisphere, however there was no statistical significance seen.
Discussion
The aim of this study was to evaluate whether collection of CSF the via cisterna magna and of blood via the heart could affect brain water content in a rat SAH model. We used CSF collection via the cistern magna and blood collection via the heart, because these techniques have been commonly used in rat experiments [17, 18] .
All parameters except brain water content were comparable between the SAH S− and SAH S+ groups, same as between the Sham S− and Sham S+ animals. There was 0% mortality in the sham groups, 33% mortality in the SAH S− group and 25% mortality in the SAH S+ group. There is high variation in the mortality of rat SAH perforation model between different researchers from 18% [8] to 46% [19] . Body weight before surgery was similar between all groups, Fig. 1 Body weight (a), neurological score (b), and SAH grade (c). *P<0.05. a There was a statistically significant body weight loss after surgery (b) compared with the body weight before surgery (a) in all groups (p<0.05). There was no significant difference between groups in body weight, before surgery, nor in the body weight loss after surgery (p=NS). b There was a significant neurological deficit in SAH animals compared with Sham animals (p<0.05). The differences between Sham and SAH animals were comparable between S+ and S− groups. c There was no significant difference in SAH grade between SAH S+ and SAH S− animals (p=NS) same as the body weight before killing. Body weight loss after surgery was between 7% and 10% of body weight before surgery, which is similar to that previously described [8] . No significant difference in body weight loss between the Sham and SAH animals implies that body weight decreases more by the surgical procedure than by SAH. The neurological deficits were comparable between the SAH S− and SAH S+ groups, same as the neurological score between the Sham S− and Sham S+ groups. We used a neurologic scoring system proposed by Garcia [12] and modified in our laboratory [11] . There was no significant difference in SAH grade between the SAH S− an SAH S+ groups. We used SAH scoring system described by Sugawara [15] which is well established in our laboratory.
Brain water content was significantly increased ipsilateraly in SAH S− group compared with Sham S− animals, while the increases of brain water content in the contralateral hemisphere, cerebellum and brain stem were not significant, which is in line with previously published data. In the literature there are references regarding an increase of brain water content in rat perforation model of SAH in the ipsilateral hemisphere only [6] , both in ipsilateral and Sham S− sham-operated group without sampling of cerebrospinal fluid (CSF) and blood, SAH S− subarachnoid hemorrhage-operated group without sampling of CSF and blood, Sham S+ sham-operated group with sampling of CSF and blood, SAH S+ subarachnoid hemorrhage-operated group with sampling of CSF and blood, Mortality (number of dead animals/number of operated animals)×100 (%), SEM standard error of mean, BWC brain water content In the left hemisphere, there was a significant difference in BWC between the Sham S− and SAH S− groups (p<0.05). There was a significant difference in BWC between the Sham S− and Sham S+ groups (p<0.05). There was no difference between Sham S+ and SAH S+ (p=NS). b In the right hemisphere, there was no statistically significant difference (p=NS); however, there was a similar tendency compared with the left hemisphere. c In the cerebellum, there was no statistically significant difference (p=NS); however, there was a similar tendency compared with the left hemisphere. d In the brain stem, there was no statistically significant difference (p=NS) contralateral hemisphere [8] and some authors report an increase of brain water content in hemispheres, cerebellum and brain stem [7] . In S+ groups there was no significant difference in brain water content between Sham and SAH animals in the left hemisphere or in any other part of the brain. The brain water content of the left hemisphere in SAH S+ group was comparable with SAH S− group, while the brain water content in Sham S+ animals was significantly higher than in the Sham S− group. Thus brain water content was affected by simultaneous collection of CSF and blood selectively in Sham animals, which suggests that preexisting edema (SAH animals) was not affected by simultaneous collection of CSF and blood while this procedure caused a rise in brain water content in animals without preexisting edema (Sham animals).
The mechanism of changes in brain water content in the Sham animals after CSF and blood sampling is not clear. Animals were decapitated shortly after sampling (approximately 2 min after CSF collection and seconds after blood collection) and this time is likely not long enough for added brain edema to form. Therefore a possible mechanism could be increased cerebral blood volume (CBV), due to vascular engorgement. Both CSF and blood collection procedures can theoretically increase CBV. CSF sampling can cause dilation predominantly in the venous system [20] , while blood collection can cause dilation in the arterial system [21] .
CSF collection could affect CBV mainly via the venous system. Decreased CSF pressure without decrease in mean arterial pressure (MAP) leads to venodistension and accumulation of blood in the brain, because veins, with a thin muscle layer, cannot resist pressure differences across their walls [20] . In SAH animals, preformed brain edema could attenuate the venodistension. Decreased CSF pressure could be compensated more by brain tissue expansion than by blood compartment expansion. Additionally, the accumulation of blood in the brain can be reduced by arterial vasoconstriction. CSF collection could also result in decreased ICP, which would lead to an increased cerebral perfusion pressure (CPP). An increased CPP results in autoregulatory vasoconstriction of cerebral arteries reducing CPP back to normal [21] . Vasoconstrictor mechanisms are augmented after SAH [22] thus lowering blood volume in cerebral arteries in SAH animals compared with Sham animals, regardless of CSF collection. Therefore in summary, CSF collection could have a larger effect on brain water content in Sham animals, because of higher venodistention and a lower level of vasoconstriction, compared with SAH animals.
While there are complex mechanisms following CSF collection that can possibly affect brain water content, the effect of blood collection could be more straightforward. Hypovolemia caused by blood sampling, leads to decreased MAP and CPP which results in compensatory vasodilation of cerebral arteries to bring the CPP back up [21] . After SAH vasodilation is impaired [22] , so vascular engorgement and resulting effects on brain water content could be more pronounced in Sham animals than in SAH.
Comparing Sham S− animals to Sham S+ animals, brain water content could be higher in Sham S+ because of vascular engorgement resulting from venodistension and vasodilation due to collection of CSF and blood. However, in SAH S+ animals the increase in CBV after sample collection can possibly be reduced by the presence of preformed brain edema, attenuating the degree of venodistension. Additionally, impairment in vasodilation associated with SAH can reduce CBV. Therefore theoretically the brain water content of SAH S+ may not be higher than in SAH S− animals.
Our study was focused on brain water content and simultaneous collection of CSF and blood. Direct comparison of CSF and blood parameters is important from a clinical point of view and the relationship of these parameters to brain edema could provide interesting information. We realize that from a pathophysiological point of view our study is limited and to further clarify which of these procedures mainly affected brain water content, additional experiments would be needed using separate groups collecting only CSF and blood.
Our results suggest that simultaneous collection CSF via the cisterna magna and of blood via the heart affected brain water content in Sham animals and for that reason it is not suitable to simultaneously collect the CSF and blood in Sham animals and then measure brain water content for comparison with SAH animals.
